Visible and near-infrared backscattering spectroscopy
for sizing spherical microparticles

Lucia B. Scaffardi, Fabian A. Videla, and Daniel C. Schinca

Scattering is a useful tool for the determination of particle size in solution. In particular, spectroscopic
analysis of backscattering renders the possibility of a simplified experimental setup and direct data
processing using Mie theory. We show that a simple technique based on near-infrared (NIR) backscat-
tering spectroscopy together with the development of the corresponding algorithm based on Fourier
transform (FT) and Mie theory are a powerful tool for sizing microparticles in the range from 8 to 60 j.m
diameter. There are three wavelength intervals in the NIR, within which different diameter ranges were
analyzed. In each one, the FT yields a coarse diameter value with an uncertainty dependent on the
wavelength range. A more accurate value is obtained by further applying cross correlation between
experimental and theoretical spectra. This latter step reduces the uncertainty in diameter determination
between 30% and 40%, depending on wavelength interval and particle diameter. These results extend
previous information on visible backscattering spectroscopy applied to sizing microparticles in the range
between 1 and 24 pm diameter. This technique could be the basis for the construction of a portable and

practical instrument. © 2007 Optical Society of America

OCIS codes:

1. Introduction

Size characterization of particulate material in solu-
tion is important for quality control processes in phar-
macological, paint, cement, cosmetic, and pesticide
industries, among others. Different optical techniques
based on light scattering have been developed and ap-
plied to sizing particles due to their ease of use and
noninvasive nature. Some are based on measurements
of angular scattering at a fixed wavelength,.? while
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300.0300, 290.1350, 300.6340, 120.5820.

others use dynamic light scattering,® working with a
fixed angle and a fixed wavelength. Also, some authors
addressed the problem of sizing particles in solutions,
in laboratory phantoms, and in biological specimens
using light scattering spectroscopy methods.4=6

In particular, optical backscattering spectroscopy
shows advantages over fixed wavelength multi-
angle scattering measurements. On the one hand, it
offers an instrumental advantage, since it may be
ensembled endoscopically in a simple and compact
way. On the other hand, the rich dependence of the
theoretically calculated backscattering coefficient on
wavelength and particle diameters can be used for
particle sizing.

Previously,* we reported the use of visible back-
scattering spectroscopy for sizing particles in the
1-24 pm diameter range. Briefly, the analysis was
based on the characteristic oscillatinglike nature of
the backscattering spectrum when a beam of white
light is incident on a suspension of particles, as can be
seen in Fig. 1 for a set of calibrated latex particles of
5, 8, 10, and 20 pm nominal diameters.

In general, the spectra consist of a slowly
wavelength-varying part, modulated by a rapidly vary-
ing signal. The former represents the combined re-
sponse of the white lamp spectrum and the sensitivity
curve of the detector, while the latter represents the
wavelength dependence of the backscattering coeffi-
cient. Since this dependence is characteristic for each
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Fig. 1. Experimental raw backscatter spectra for monomodal
samples of 5, 8, 10, and 20 wm latex particle diameters suspended
in water.

diameter, it may be used for particle sizing. The num-
ber of maxima for a fixed wavelength interval is re-
lated to the particle’s diameter. Thus if a certain
wavelength interval is chosen based on inspection of
the backscattering spectra, its frequency content can
be determined by Fourier transform (FT) analysis. The
oscillating nature of the backscattering signal as a
function of wavelength, suggests that its FT should
have a relatively sharp maximum whose position
should be related to particle diameter. These experi-
mental FTs agree with those obtained from calculated
backscattering coefficients using Mie theory and allow
for plotting a calibration curve between the FT maxi-
mum and the particle diameter. This curve allows for
knowing, as a first step, the different particle sizes
present in a given sample. Since the FWHM of the FT
curve sets a limit on diameter resolution, a second step
based on local cross correlation between experimental
and theoretical spectra allows for improvement in
the accuracy of diameter determination. That work
was devoted to sizing particles of diameters between
1 and 24 pm using the visible wavelength interval of
600-730 nm. In its conclusions, it was mentioned
that the technique could also be used to measure
larger particles if the working spectral interval was
adequately shifted to NIR wavelengths, based on the
observed fact that the oscillations tend to appear
more to the IR as the particle diameter increases.
Moreover, it was also mentioned that in this new
interval a new calibration curve should be deter-
mined according to the procedure described in the
cited reference.

Here we extend the application of the backscattering
spectroscopy technique to size larger particles and
present new experimental backscattering spectra ob-
tained in three NIR wavelength intervals for particles
with increasing diameters (20, 30, and 50 pm). Our
approach basically consists of the application of a
simple algorithm to relate the FT maximum of the
white-light backscattering spectrum to particle diam-
eter. To increase the accuracy, a second step with
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cross correlation between experimental and calcu-
lated spectra is applied. The FT of experimental
signals coming from scatterers have also been
successfully applied to fixed wavelength multiangle
scattering (FWMS)? for heptane spherical droplets
between 10 and 100 p.m. Recently, Semyanov et al.8
also used FWMS FT to size polystyrene spherical
particles ranging from 1.2 to 27.2 pm for different
refractive index values.

2. Experimental

Figure 2 shows the experimental arrangement, which
is similar to the one used in a previous work?*: light
from a quartz-tunsgten—halogen lamp (visible and
NIR) is focused on the cell containing the sample
through a delivery optical fiber of 200 pm core diam-
eter. The backscattering light is collected by a similar
optical fiber (collection) positioned close and parallel to
the delivery fiber (separation of the fiber cores between
300 and 500 pm), both immersed in the sample. The
collection fiber is connected to an echelle spectrograph
multichannel instrument, which is sensitive in the in-
terval of 200-1100 nm (Apogee CCD camera) with a
constant resolution of 0.3 nm. The setup of the fibers
(distance between fibers and depth when immersed
in the sample) leads to a maximum collection cone
of approximately 3° from the backward direction.
The wavelength intervals studied in this work
cover three NIR regions: 750-850, 1060-1100, and
1110-1150 nm. Standard calibrated monodisperse la-
tex spheres suspended in pure filtered water were used
as samples. The nominal calibrated diameters of the
particles used were 5, 8, 10, 20, 30, and 50 pm, trace-
able to the standard meter through the National
Institute of Standards and Technology, as stated by
the manufacturer. All the samples were manufac-
tured by Duke Scientific Corporation except for the
1 pm diameter particles, which were manufactured
by Seradyn. The sample cell was a 10 cm long and a
1.0 cm diameter cylinder with an inner flat black
coating to avoid wall reflections to reach the collec-
tion fiber. The experimental spectra were made free
from instrument-dependent features by normaliz-
ing to a white reflectance spectrum taken as a ref-
erence. Simple scattering was achieved provided
that concentration of solids used for the measure-
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Fig. 2. Experimental setup.



ments ranged from 10™*to 107 g/cm?. This condition
was always met in our experiments.

3. Results

For a better analysis of the spectra, it is convenient to
take off the slowly varying component by subtracting
an appropriate polynomial that mimics the quartz—
tungsten-halogen spectrum. This procedure is similar
to the one used in atmospheric gas pollutant detection
using differential optical absorption spectroscopy.?-1!
Thus the raw spectra are transformed into ac-
component spectra, as seen in Fig. 3(a) for 8, 10, and
20 pm particle diameter monodispersed samples in
the 750-850 nm wavelength interval. Two features
can be observed: first, the oscillations are almost
sinusoidal, and second, the number of maxima (and
minima) increases as the diameter increases.

It can be observed in Fig. 1 and in Fig. 3(a) that the
period of the oscillations increases with increasing
wavelength. This fact is due to the dependence of the
scattering coefficient on Bessel and Hankel func-
tions.’2 When the spectra are plotted versus the
wavenumber, an almost constant oscillation period is
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Fig. 3. (a) Experimental baseline-corrected backscattering spec-

tra for monomodal samples of 8, 10, and 20 pm latex particle
diameters suspended in water. (b) FT of the spectra of (a).
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observed, which is more appropriate for FT calcula-
tion. All the FT shown in this paper are applied to
spectra plotted versus the wavenumber, although, for
visualization purposes, the spectra will be shown in
the wavelength scale, which is the conventional way
that a spectrometer yields information.

In these conditions, if FTs are calculated on the
above spectra, two facts can be observed: first, they
will show a distinct maximum located at a specific
frequency value for each sample, and second, this
maximum will shift to larger frequencies as the di-
ameter increases. These behaviors are shown in Fig.
3(b), where the FT of the different spectra shown in
Fig. 3(a) (previously plotted as a function of the wave-
number) were calculated with the fast FT algorithm.
It can be seen that the curves are almost single
peaked, and its position increases monotonically as
the particle diameter increases.

For the case of multimodal samples, the different
components contribute to the total backscattering in-
tensity, yielding a spectrum that, in general, may not
have an almost sinusoidal shape. Figure 4(a) corre-
sponds to the experimental spectrum obtained for a
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Fig. 4. (a) Experimental backscattering spectrum for a multimo-

dal sample consisting of a mixture of latex particles of 8, 10, and
20 wm diameters suspended in water. (b) FT of the spectra of (a).

1 January 2007 / Vol. 46, No. 1 / APPLIED OPTICS 69



20+ ¢=2218.18 X-0.05

Diameter, ¢ [um]
=

o Mie Calculation
Linear fit
*  Experimental

1 Il N t

0.002 0.004 0.006 0.008 0.010

FT Peak position, X

Fig. 5. Relation between the particle diameter and the FT peak
position for five diameter values corresponding to spectra in the
750—850 nm range. Open circles correspond to theoretical calcula-
tions. Filled stars correspond to experimental values for the same
diameters. The linear fit is on theoretical values.
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mixture sample of 8, 10, and 20 pm diameter parti-
cles. When the FT is applied directly to this back-
scattering spectrum [Fig. 4(b)], three peaks can be
observed, indicating the three sizes present in the
sample. Note that the position of the three peaks
coincides with the position of the FT maximum for
each monomodal spectrum [Fig. 3(b)]. These results
are similar to those obtained when studying smaller
particles in the 600-730 nm visible interval .4

Nominal diameters (3, 5, 8, 10, and 20 pm) of the
particles given by the manufacturer may be plotted
versus the maxima of the FT of theoretical backscat-
tering efficiency spectrum (open circles, Fig. 5). It can
be seen that the results may be fitted by a linear
regression. Filled stars represent FT peaks of exper-
imentally monomodal measured backscattering spec-
tra for the same diameters. Note that they lay on the
same linear regression curve. This regression may
then be used to determine particle diameter (¢) from
the FT peak position (X). The slope transforms the X
value (measured in centimeters) in appropriate units
for ¢ to be measured in nanometers. The error bars
(approximately *1.3 pm) for each diameter in the
figure represent the uncertainty given by the FWHM
of the corresponding FT peak. This determination
may be considered as a coarse approximation to a
more precise value of the particle diameter.

For the improvement of accuracy in an experimen-
tal case, diameter determination should consist of a
two-step process: first, a coarse value is taken from
the FT maximum of the experimental spectrum, and
second, a local approximation is taken to a more ac-
curate value applying a cross-correlation algorithm
between the experimental spectrum and the calcu-
lated ones within the FWHM range of the FT peak. In
our case, integral correlation is formally expressed as

Mhigh

Cle) = Io(Ns drn)lvae(N, dpr+ @)dA,

Aow
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where the limits of the integral correspond to the
lowest and highest values of the chosen NIR inter-
val wavelength, I, is the experimentally obtained
spectrum, dgr is the value of the diameter calculated
by FT (coarse approximation), Iyg is the spectrum
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obtained by means of Mie theory, \ is the wave-
length, and ¢ is the diameter increment around dpr
(delay).

Iygg for spherical particles is calculated by Mie
theory?? as a function of wavelength. This calculation
is based on the code given by Bohren and Huffman,2
where the wavelength dependence of the refractive
index of water and particle material was taken into
account by!

n,(\) = 1.324 + 3046/\> for water,

n,(\) = 1.59 + 15 x 10° (1/A\* - 1/589.32%)
for polystyrene particles.

Several Iy backscattering spectra are calculated for
diameter values at approximately dpr in an interval
covering the FWHM of the FT peak. The largest cor-
relation value for zero delay is then taken as the most
probable diameter.

To check the usability of this technique, cross cor-
relation was applied to each peak for the multimodal
sample of Fig. 4(a). In this case, Ay, and Ay corre-
spond to 750 and 850 nm, repectively. Figure 6 shows
these results, where the span of the horizontal axes
corresponds to the uncertainty interval derived from
the FWHM of the corresponding FT curves. Note
that, although the correlation values for each diam-
eter have a sharp absolute maximum within the
FWHM range, coincident with the value given by
the manufacturer, there are also other lower relative
maxima, mainly due to the functional form of the
calculated backscattering coefficients in this wave-
length interval. This fact settles a criterion for deter-
mining the correlation width, that includes these
maxima as the new uncertainty in diameter value. It

.
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can be observed that this FWHM of the correlation is
still narrower than that of the FT. This procedure
reduces the uncertainty on the diameter determina-
tion in =35% in this region.

For larger particles, it is interesting to analyze the
spectra of theoretical backscattering coefficients calcu-
lated in a wavelength interval that extends farther
into the NIR. The backscattering efficiency for spher-
ical particles as a function of wavelength can be calcu-
lated using the codes given by Bohren and Huffman!2
and Laven.1* Figure 7 shows an example of such cal-
culations for different sphere diameters (5, 8, 10, 20,
30, and 50 jum). It can be seen that, as the diameters
increase, the backscattering efficiency spectrum ex-
tends farther into the NIR. Inspection of the spectra
shows that there are wavelength intervals that com-
prise almost equally spaced oscillation features, typ-
ical for each diameter, thus suggesting an almost
single-peaked FT spectrum. These wavelength inter-
vals may coincide for a certain range of diameters,
but must be changed if larger particle diameters are
to be analyzed. In particular, from 20 to =35 um
diameter, a suitable wavelength interval seems to be
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=~1060-1100 nm, while for diameters between 35 and
60 pwm, the most suitable interval is in the range of
1110-1150 nm.

Figure 8 shows the calculated backscattering effi-
ciency spectrum for particle diameters of (a) 20, 25,
and 30 pm and (b) 40, 50, and 60 pm. They are
grouped into two different wavelength intervals (as
stated above), both of the same length. In each group,
it can be seen that the curves differ in the number of
maxima. When the FT of these spectra (taken as a
function of the wavenumber) are calculated, their
maxima fall in different positions, as shown in Figs.
9(a) and 9(b). Each FT spectra shows a distinct max-
imum that shifts to larger values as the particle di-
ameter increases. The secondary maxima account for
the slight modulation in the amplitude of the scatter-
ing coefficients in the analyzed wavelength interval.
Similar to what was shown for the interval of
750-850 nm, the functional relation between the po-
sition of the F'T peaks and the corresponding particle
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diameter in these new ranges may be fitted by a
linear regression for particle diameters between 20
and 35 pm, and by another linear regression between
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35 and 60 p.m, each with its own slope and error bars
given by the FWHM of the corresponding FT peaks.
Such curves are depicted in Figs. 10(a) and 10(b)
for the wavelength intervals of 1060-1100 nm and
1110-1150 nm, respectively. To test the method in
these two NIR intervals, we recorded experimental
backscattering spectra for samples of 20, 30, and
50 pm nominal diameter particles, using the instru-
mental setup described previously. The selected wave-
length intervals coincide with those shown in Figs.
8(a) and 8(b). Unfortunately, these wavelengths are
at the edge of the sensitivity curve of our detector
(silicon CCD), where the signal-to-noise ratio is very
poor.

To enhance the useful signal, the CCD back-
ground noise was first subtracted from the raw
backscattering spectra and then displayed as a
function of the wavenumber. The remaining high-
frequency noise was almost removed by smoothing
with a seven-point moving average and then cor-
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rected by subtracting a suitable slowly varying
baseline. At this step, the signal is almost free from
its dc component and only rapidly wavelength vary-
ing ac components are present, which can be ex-
plored using the FT. In fact, all the FT obtained in
this work were applied to signals processed in this
way. Figures 11(a)-11(c) show the obtained spectra
for 20, 30, and 50 um particle diameters, respec-
tively. It can be seen that, in general, the sequence of
peaks and valleys correspond to those calculated for
the backscattering efficiency coefficient depicted in
Fig. 7, although the whole signal seems to be modu-
lated by a slowly varying noise.

Figure 12 shows the stacked FT for the three ex-
perimental backscattering spectra of Fig. 11. Note
that, in spite of the noisy signals, the FT spectra still
show distinct peaks that agree well with those corre-
sponding to theoretical calculations.

These peak values (with their corresponding error
bars) are shown in Fig. 13, together with the FT peak
values derived from the Mie calculations, taken from

Fig. 10. It can be seen that the experimental values
lay well within each linear fit.

Again, the observed linear relation between the FT
maxima and the particle diameter may be used as a
first approach to determine the diameter of particles
in a sample at these wavelength intervals. Following
the previously described procedure, at this point the
cross-correlation technique may be applied. Results
for 20 pm nominal diameter particles are shown in
Fig. 14 for the wavelength interval of 1060-1100 nm.
The span of the horizontal axis has been set equal to
the error given by the FWHM of the corresponding
FT. It can be observed that a correlation maximum
appears for a certain diameter value, very close to
that obtained by the FT. The uncertainty width re-
duces to =~33% of that corresponding to the FT. How-
ever, this reduction is not as good as in the case of
smaller particles (1-20 pm diameter) analyzed in the
visible range.*

Thus the calibration curves obtained for the three
analyzed spectral intervals allow, in general, for the
solving of any multimodal sample having particles
between a 3 and 60 pm diameter. If the sample con-
tains a mixture of small, medium, and large particles,
they will contribute to different spectral intervals.
The FT calculated for each interval will yield peaks
corresponding to the different particles present in the
sample which, in turn, can be explored using the
correlation step.

As mentioned in Section 1, other authors® analyzed
small biological particles (hundreds of nanometers in
diameter) using light scattering spectroscopy. They
worked with least-squares techniques for size distri-
bution determination and achieved a reduction in
uncertainty compatible with the diameter range
studied. In the case of larger particles, as the ones
considered in this work (tens of micrometers), the FT
yields a satisfactory first approach to size determina-
tion in multimodal samples. A finer approach using
cross correlation reduces the uncertainty by ~30%,
which is acceptable for this diameter range.

Finally, considering the results obtained in the pre-
vious work for the visible 600-730 nm region,* there

Table 1. Spectral Intervals and Particle Diameters Analyzed with Backscattering Spectroscopy Using FT and Cross Correlation®

Range of FT Linear Regression Mean Uncertainty
Spectral Range Diameters X = FT Peak Position Uncertainty in FT after Cross
of Analysis [&;, ], [cm] ¢ = Diameter Linear Regression Correlation
(0m) Myows Apignl {m] [lum] [lem] [pum]
[600, 730]° [0.5, 10] ¢ = 2340.11X + 0.04 +0.7 *0.025
(x0.030)
[750, 850)° (10, 20] ¢ = 2218.18X - 0.05 +1.3 *0.50
(+0.10)
[1060, 1100} [20, 35] ¢ =-1568.29X + 0.89 *3 *+1
(+0.16)
[1110, 1150)° [35, 60] ¢ =-1333.12X + 5.06 *4.4 +1.47
(+0.51)

“Results in the first row are from a previous work.
®Reference 4.
“This work.

74 APPLIED OPTICS / Vol. 46, No. 1 / 1 January 2007

278



are four wavelength intervals that can be used for
particle sizing with backscattering spectroscopy in
the visible and NIR.

Table 1 summarizes the overall results. Column 1
shows the spectral interval of analysis. Column 2
shows the diameter range that is best measured in the
corresponding spectral interval (linear piecewise rep-
resentation). Column 3 shows the linear regressions
corresponding to the different wavelength intervals
analyzed, which allow for calculation of the diameter
of the particles in a first approach, together with the
corresponding uncertainties. Column 4 shows the
mean uncertainty due to FT linear regression. Column
5 shows the mean uncertainties after applying cross
correlation. Both mean uncertainties represent the av-
erage errors for the different diameter values within
the specified range. The specific uncertainty shows an
increasing trend as the diameter increases. In this last
column, the mean uncertainties given by the manufac-
turer are shown in parentheses for comparison pur-
poses.

4. Conclusions

We have shown that it is possible to size micro-
particles in the range of 20-60 pm diameters in a
reliable and simple way using NIR backscattering
spectroscopy. It has been demonstrated that the FT of
the scattering spectra has a characteristic maximum,
whose position is linearly related to the particle’s
diameter within a specific wavelength interval. A
first approximation to particle diameter may be ob-
tained through this linear relation. To improve de-
termination accuracy, a cross-correlation technique
between calculated and experimental spectra was ap-
plied. This improvement is range dependent, thus
forcing a trade-off between sizing capability and ac-
curacy. Together with the results obtained in a pre-
vious work on visible backscattering spectroscopy,
the improvement due to correlation is very good for a
0.5-10 pm particle diameter in the visible interval
(3.5%), good for a 10-20 pm particle diameter in the
750-850 nm interval (38%), and acceptable for a
20—60 pm particle diameter in the 1060—1100 nm
and 1110-1150 nm intervals(33%). Overall, the meth-
od yields reasonable accuracy when compared with
that of the manufacturer. This method could be used
to construct a portable and practical measurement
instrument. The possible disadvantages of measur-
ing in the NIR range beyond 1000 nm with a CCD
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sensor may be overcome by using a NIR sensitive
array such as, for example, InSh.

This work was partially supported by research
project 11/1104 from Facultad de Ingenieria, Univer-
sidad Nacional de La Plata. This work is the basis of
a pending patent, P050101083, INPI, Argentina.
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